Abstract Aging and physiological androgen decay leads to structural changes in corpus cavernosum (CC) that associate with erectile function impairment. There is evidence that such changes relate to nitric oxide (NO) bioavailability, an endothelial compound produced by the action of endothelial NO synthase (eNOS), and is regulated by sirtuin-1 (Sirt1), a NAD + -dependent protein deacetylase. Taking into account the reduced NO synthesis observed in aging and erectile dysfunction, we aimed to characterize human CC of androgen-deprived, young, and aged individuals postulating that androgen deprivation induces modifications similar to those observed in aging. Human penile fragments were collected from young individuals submitted to male-to-female sex reassignment procedure, who undergone an androgen deprivation chemical regimen, from young organ donors and from aged patients submitted to penile deviation surgery. They were processed for histomorphometric analysis of smooth muscle (SM) and connective tissues (CT), and dual-immunofluorescence of alpha-actin/vWf or Sirt1, and endothelin-1/eNOS. Estrogen receptors were analyzed by immunohistochemistry and semiquantification of Sirt1, eNOS, and phospho-Akt was assayed by Western blotting. Androgen withdrawal, similarly to aging, leads to a noteworthy reduction of SM-to-CT ratio in CC. However, in contrast to young and aged, a significant increase in penile Sirt1 expression accompanied by an increase in total eNOS expression was observed in androgen-depleted individuals. No changes were evidenced in phospho-Akt system and estrogen receptors were undetectable. These findings indicate that Sirt1 regulates the expression of eNOS in human CC employing mechanisms influenced by androgen depletion.
the penis (Mills et al. 1996; Shabsigh 1997) . In addition, androgen depletion after surgical or pharmacological castration of the adult male generally results in loss of libido and decline in erectile function (Shabsigh 1997) . Despite these evidences, the mechanism by which androgens modify erectile function is still controversial.
During erection, the penis acts as a capacitor, accumulating blood under pressure by a venoocclusive mechanism. Briefly, dilation of the resistance arterial bed of the penis favors blood flow and entrapment in the corpus cavernosum (CC), a combined effect of expansion of the lacunar spaces by relaxation of the trabecular smooth muscle (SM) and compression of the draining venules. The efficiency of this process strongly depends on the integrity of the trabecular SM as corpora expansion is related directly to its content and inversely to that of connective tissue (CT) (Luo et al. 2007; Nehra et al. 1996; Wespes et al. 1991) . In fact, cavernous SM cell loss or functional impairment is the etiological basis of erectile dysfunction (ED) in many patients, since muscular tonus regulates the stages of erection, which cannot be achieved by vascular mechanisms alone (Wespes 2002) . Any condition that results in structural changes in the cavernous tissue, such as aging or androgen depletion, is a potential contributor to ED.
Clinical and animal studies provided evidence that androgens protect cavernous SM, promoting cell proliferation and maintaining functional integrity (Andersson and Wagner 1995; Aversa et al. 2000 Aversa et al. , 2003 Garban et al. 1995; Huang et al. 2008; Lue and Dahiya 1997; Mills et al. 1992; Shabsigh 1997) . It was also demonstrated that androgen deficiency contributes to endothelial damage in a castrated rat model (Lu et al. 2007 ). Furthermore, investigations showed that testosterone and dihydrotestosterone upregulate nitric oxide synthase (NOS) expression and activity in male genital tissues, particularly in cavernous tissue (Lugg et al. 1995; Marin et al. 1999; Penson et al. 1996; Zvara et al. 1995) . The NOS/cyclic guanosine monophosphate pathway is critical for erectile function, and two constitutive isoenzymes, endothelial and neuronal NOS (eNOS and nNOS, respectively), are thought to play different roles in nitric oxide (NO) production during erection. NO derived from nNOS of the nerves supplying the penis initiates the erectile response, whereas its sustained production from eNOS is responsible for full erection and its maintenance (Musicki et al. 2009 ). Thus, most of the NO that mediates relaxation of the cavernous tissue SM results from eNOS activity (Traish 2009 ), emphasizing the role of the endothelium in the erection process.
Beyond androgen deprivation due to physiological decline in serum testosterone, aging itself alters vascular function (Yassin and Saad 2008) , being considered the most important predisposing factor for ED (Ghalayini et al. 2010) . The underlying cellular and molecular mechanisms that associate with endothelial dysfunction have not yet been elucidated, but increased breakdown of NO due to an augmented production of superoxide anions and changes in expression and/or activity of eNOS could favor this condition. The contribution of NO pathway for vascular aging is far from being consensual, as it was reported a reduction on eNOS mRNA levels (Challah et al. 1997 ) and contrariwise, an increase of eNOS enzyme expression combined with reduced activity (Cernadas et al. 1998 ) in aged animals. Nevertheless, eNOS could be overactivated, mainly through Akt-mediated phosphorylation (Lovren et al. 2009 ), as a compensatory mechanism to counterbalance endothelial dysfunction induced by agedependent oxidative stress (van der Loo et al. 2000) .
Vascular aging associates with transcriptional changes in gene expression (Zahn et al. 2007 ) that in part are regulated by sirtuin-1 (Sirt1) (Wood et al. 2004) . Sirt1 belongs to the family of the mammalian homologues of the Sir2 (silent information regulator-2) of the yeast Saccharomyces cerevisiae. This is a NAD + -dependent protein deacetylase, present in cell cytoplasm and nucleus, that modulates the cell cycle, senescence, apoptosis, and metabolism by distinct mechanisms that include regulation of expression of individual genes (Picard et al. 2004) , condensation of chromatin (Vaquero et al. 2007 ), or deacetylation of specific transcription factors (Brunet et al. 2004 ). Milne and Denu (2008) described protective action of Sirt1 in aged endothelium, heart, liver, and adipose tissue, while others reported pro-aging roles of sirtuins (Longo 2009 ), which may be due to specific time and tissue properties of Sirt1 activity. However, several evidences suggest that Sirt1 acts as a longevity factor in vascular tissue, particularly because of its critical role in endothelial homeostasis by regulating eNOS activity (Ota et al. 2010) .
Sirt1 promotes endothelial-dependent vasodilatation by targeting eNOS for deacetylation, leading to an enhanced NO production. Likewise, blocking Sirt1 function results in decreased NO bioavailability and inhibited endothelium-dependent vasorelaxation (Mattagajasingh et al. 2007 ). Interestingly, eNOS has also been implicated in the regulation of the expression of Sirt1 (Nisoli et al. 2005) , and NO itself could act as an inducer of Sirt1 activity in endothelium (Ota et al. 2010) .
In the present study, we hypothesize that androgen deprivation induces modifications in the CC comparable to those observed in physiological aging and strongly contribute to ED onset. Hence, emphasizing structural features and Sirt1-eNOS axis regulation, we aim to characterize human cavernous tissue in young androgendeprived, young, and healthy aged individuals.
Materials and methods

Tissue collection and processing
Penile fragments removed from the CC of Caucasian individuals submitted to male-to-female sex reassignment surgery (n=3, 19-28 years), previously treated with 200 mg/day spironolactone and 50 mg/day cyproterone acetate, for 24 months, followed by 4 mg/day estradiol for 12 months, were included in the group of young androgen deprived. The young control CC fragments were removed from healthy potential organ donors (n=6, 17-34 years), dissected simultaneously with the organ harvesting for transplant program. The cause of death was cranioencephalic trauma and all individuals were presumed to be potent considering the absence of ED risk factors. The healthy-aged CC samples were excised from the opposite side of Peyronie's plaque of patients submitted to penile corporoplasty with Yachia technique (n =7, 61-74 years), after preoperative detailed clinical examination, which included International Index of Erectile Function-5 scoring and penile Doppler ultrasound. No ED or risk factors for ED were found in any patient. The study design was authorized and approved by the local hospital and university ethics committees.
Each cavernous tissue sample was divided in two fragments: one was immediately stored at −80°C for molecular analysis, and the other was fixed in 10% buffered formaldehyde and paraffin embedded for Masson's trichrome staining and immunohistochemical studies.
Histomorphometric evaluation
Tissue sections 4-6 μm thick were cut with a microtome (RM2145, Leica Microsystems GmbH, Germany) and placed in 0.1% poly-L-lysine-covered microscopy slides for Masson's trichrome staining by laboratory routine method. All the slides stained were observed and the images were captured in an optical microscope connected to a digital camera (Carl Zeiss MicroImaging GmbH, Göttingen, Germany). Then, the images were subjected to computer-assisted color histomorphometric analysis employing ImageJ® software (NIH, Maryland, USA). This allowed assessing the proportion of the trabecular SM and CT content to total erectile tissue area by pixel classification (red for SM and blue for CT). Areas belonging to tunica albuginea were excluded from the analysis. The ratio of SM to CT areas was also calculated in 20 fields per slide (two random slides per case, in a total of three to four cases per group).
Immunohistochemistry
The immunohistochemical study of estrogen receptors (ER) in human cavernous tissue sections was performed on a Ventana automated slide stainer (Ventana Medical System®, Tucson, Arizona, USA), with adequate detection kits and ancillary reagents. Rabbit monoclonal primary antibody anti-ER (SP1) (Ventana Medical System®) has been optimally diluted for use with Ventana iVIEW DAB Detection kit. The negative control consisted of non-immune mouse immunoglobulin G instead of the primary ER antibody. All the slides were observed and the images were captured in an optical microscope connected to a digital camera (Carl Zeiss MicroImaging GmbH).
Immunofluorescence
Immunofluorescence (IF) detection of von Willebrand factor (vWf)/alpha-actin, Sirt1/alpha-actin, and ET1/ eNOS were performed. Briefly, sections were deparaffinized, rehydrated, exposed to 1 M HCl for epitope retrieval, and neutralized with 0.1 M borax, followed by incubation for 1 h with blocking solution (1% bovine serum albumin in phosphate-buffered saline). The sections were incubated overnight at 4°C with a mixture of primary antibodies: mouse anti-alpha-actin (Chemicon International, Temecula, CA, USA) with rabbit anti-vWf (Chemicon International) or with rabbit anti-Sirt1 (Santa Cruz Biotechnology, CA, USA) and goat anti-ET1 (Santa Cruz Biotechnology) with rabbit anti-eNOS (Santa Cruz Biotechnology). Negative controls were performed by primary antibody omission. After washing twice with PBS, the sections were incubated at room temperature, with a suitable mix of secondary antibodies, anti-mouse conjugated with AlexaTM 568 (red) and anti-rabbit conjugated with AlexaTM 488 (green), or anti-goat conjugated with AlexaTM 568 (red), and anti-mouse or anti-rabbit conjugated with AlexaTM 488 (green) (Molecular Probes, Leiden, Netherlands). Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (blue) (Molecular Probes). Sections were mounted in buffered solution of glycerol and observed in an Apotome fluorescence microscope (Imager.Z1, Carl Zeiss MicroImaging GmbH, Göttin-gen, Germany). Images were acquired with AxionVision® software (Carl Zeiss MicroImaging GmbH).
Western blotting
For protein analysis, CC fragments were mechanically homogenized in 50 mM Tris-HCl pH 7.2, 0.1 M NaCl, 5 mM EDTA, and 0.5% TritonX-100 and supplemented with 2% Protease Inhibitor Cocktail P8340 (Sigma-Aldrich Co, Dorset, UK) and 0.2% Phosphatase Inhibitor Cocktails 1 and 2 (P2850 and P5726, respectively; Sigma-Aldrich Co). After total protein level determination by Bradford protein assay (BioRad Laboratories, CA, USA), 40 μg/lane from each sample was loaded on 8% and 12% sodium dodecylsulfate-polyacrylamide gel, separated using the Laemmli (1970) discontinuous buffer system (SDS-PAGE), and transferred to nitrocellulose membrane with 0.45-μm pore (BioRad Laboratories) for 2 h. After incubation with a blocking solution (5% non-fat milk Molico® in 0.1% Tween-20 Tris buffer saline) for 1 h, the membranes were immunoreacted with the following primary antibodies: rabbit antiSirt1 (Santa Cruz Biotechnology), rabbit anti-eNOS (Santa Cruz Biotechnology), rabbit anti-phospho-Akt (Ser-473) (Cell Signaling Technology, MA, USA), and rabbit anti-Akt (Cell Signaling Technology), diluted in 5% bovine serum albumin 0.1% Tween-20 Tris buffer saline, overnight at 4°C with shaking. After extensive washing and incubation with appropriated secondary antibody coupled to horseradish peroxidase, labeled bands were evidenced using chemiluminescent substrate (SuperSignal West Pico Chemiluminescent Substrate, Pierce Biotechnology, IL, USA). Membranes used for phospho-Akt detection were then stripped and probed with antibody for the index protein, rabbit antiAkt. Normalization of the total levels of Sirt1, eNOS, and Akt was performed using β-actin as loading control (rabbit anti-β-actin, Abcam, Cambridge, UK). Phosphorylated Akt levels were normalized with total levels Fig. 1 Masson's trichrome staining of young (a), androgendeprived (b), and aged (c) human cavernous tissue. Smooth muscle and connective tissues are stained in red and in blue, respectively of Akt protein. Each experiment was repeated three times and performed in all samples of each group. Results were quantified by densitometry using the ScionImage® software (Scion Corporation, NIH, MN, USA) and represent the mean value of each protein in human androgen-deprived and aged groups, indicated in percentage, relative to young controls, considered 100%.
Statistical analysis
Data obtained from histomorphometric evaluation and semiquantification of proteins were statistically analyzed using one-way analysis of variance, followed by Bonferroni multiple comparison post hoc test or by t test when appropriate. Statistical analysis was performed using GraphPad Prism® software. Probability values less than 5% (P<0.05) were considered significant.
Results
Histomorphometric study of human cavernous tissue
According to previous reports (Tomada et al. 2010a, b) , cavernous tissue from all studied samples presented a sponge-like texture, exhibiting a mesh of interconnected cavernous spaces, lined by endothelium and separated by trabeculae composed mainly of SM fibers and sparse CT (constituted mainly by collagen fibers and fibroblasts). No adipocytes were observed neither in androgendeprived nor in aged individuals.
Masson's trichrome staining (Fig. 1a-c ) showed considerable differences in SM and CT contents (stained red and blue, respectively) in androgendeprived cavernous tissue compared with young and aged, which was confirmed by quantitative computerassisted histomorphometric analysis (Fig. 2a) . In fact, both aging and androgen withdrawal led to a significant decrease in trabecular SM content compared with young cavernous tissue (39.7±0.9% to 20.9±2.0%, P=0.000, and to 15.9±4.7%, P=0.002, for aged and androgen-deprived tissue, respectively), although no significant differences were detected in SM content between androgen deprived and aged CC (P=0.108). Furthermore, CT percentage doubled in androgen deprived (21.2±2.4%, P=0.006) and near quadruplicated in aged individuals (39.5±5.3%, P= 0.001) compared with young controls (10.6±1.6%); in contrast, androgen deprived presented just about half of the aged CT content (P=0.003). The SM-to-CT ratio was also calculated (Fig. 2b) and, as depicted within the graph, compared with young controls (3.75±0.9); this ratio was significantly reduced both in androgen-deprived (0.75±0.12, P=0.000) and in aged cavernous tissue (0.53±0.07, P=0.000). Note Fig. 2 a Quantitative changes in smooth muscle and connective tissue contents, determined by computer-assisted histomorphometry, of young, androgen-deprived, and aged samples (n=3-4 for each group). Significant differences between groups (P<0.05) (asterisk). b Smooth muscle/connective tissue ratio, determined after computer-assisted histomorphometry of young, androgen-deprived, and aged samples (n=3-4 for each group). Significant differences between groups (P <0.05) (asterisk) AGE (2013) 35:35-47 that no differences were detected between androgendeprived and aged CC (P=0.625).
Estrogen receptors detection in human cavernous tissue
Androgen-deprived, young, and aged human cavernous tissue showed no positive staining for ER (Fig. 3a-c) . The specificity of the primary antibody was validated by the absence of staining in the negative control of this tissue (Fig. 3d) . This finding allowed us to exclude the direct influence of estradiol treatment on cavernous tissue morphological and molecular changes.
Dual immunolabeling of vWf/alpha-actin, Sirt1/alpha-actin, and ET1/eNOS
Characterization of SM and endothelial cells (EC) distribution in cavernous tissue in the studied conditions was done by IF detection of specific cell markers, respectively, alpha-actin (red) for SM cells and vWf (green) for EC (Fig. 4a-c) . In all groups, IF staining of vWf was confined to EC that outlined the sinusoidal trabeculae, whereas alpha-actin was detected exclusively in fiber-organized SM cells. Corroborating histomorphometric evaluation, we found that androgen-deprived and aged samples presented a sparse intensity of alpha-actin staining compared with young specimens.
Sirt1 (red) and alpha-actin (green) IF detection ( Fig. 5a-c) demonstrated that the former is clearly expressed in cavernous SM cells in all groups studied. However, co-localization (yellow) of both proteins is markedly higher in CC of young and aged individuals when compared with the androgen-deprived tissue.
Dual-immunolabelling of ET1 (red) and eNOS (green) (Fig. 5e-g ) revealed that ET1 is exclusively expressed by SM cells, while eNOS was detected in both SM and EC cells, without co-localization. Androgen-deprived human samples evidenced a higher intensity of ET1 expression compared with young samples, but apparently less than in the aged specimens. The endothelial expression of eNOS was hardly observed in young cavernous tissue. The specificity of the primary antibodies was confirmed by absence of staining in the negative controls (Figs. 4d and 5d, h ).
Western blot semiquantification of Sirt1, total eNOS, and total and phospho-Akt WB representative bands of Sirt1 and total eNOS expression in androgen-deprived, young, and aged human cavernous tissue is presented in Fig. 6 (semiquantitative analysis is detailed in the graphs). Values relative to expression of studied proteins are indicated in percentage, always considering young controls 100%.
A significant increase of Sirt1 protein levels of androgen-deprived individuals (148.9%) compared with young (P=0.000) and aged (P=0.000) was observed. No significant differences were observed between young and aged individuals (97.7%, P=0.975).
Concerning total eNOS expression, the semiquantitative analysis demonstrated a significant increase in cavernous tissue of androgen-deprived samples compared with aged ones (133.1% versus 68.6%, P=0.016). However, no differences were observed between these groups and young controls (P=0.298 and P=0.223 for androgen deprived and aged, respectively). Figure 7 presents the representative bands of phospho-Akt and total Akt detection in all studied human groups. Despite the slight increase observed in androgen-deprived samples and the decrease in aged individuals compared with young cavernous tissue, phospho-Akt did not present significant differences (P=0.547). Similarly, total Akt expression did not exhibit statistical differences between groups (P= 0.333), although a decrease in both androgendeprived and aged groups was observed.
Discussion
Penile erection is modulated by a complex crosstalk of neurotransmitters, vasoactive agents, and endocrine factors (Adams et al. 1997; Andersson and Wagner 1995) and involves the close coordination of three R Fig. 4 Dual-immunolabelling by immunofluorescence of alpha-actin (red) and von Willebrand factor (vWf) (green) in young (a), androgen-deprived (b), and aged (c) human cavernous tissue. The nucleus is stained blue (DAPI). Negative control was performed by primary antibody omission (d) hemodynamic events: increased arterial inflow, sinusoidal SM relaxation, and decreased venous outflow. Thus, the mechanical properties of erectile tissue are strictly dependent on the integrity of its structure (Moreland 2000; Nehra et al. 1996) .
The effect of androgens on erectile function is complex, considering their influence upon distinct features such as integration of stimulatory impulses from central and peripheral nervous systems and penile morphofunctional homeostasis (Mills et al. 1992; Mirone et al. 2009 ). Previous studies in animal models suggest that androgen deprivation reversibly alters the structure and function of the cavernous tissue (Traish and Kim 2005) and results in critical increase in the number of apoptotic trabecular SM cells, which compromise the veno-occlusive mechanism and erectile function (Shabsigh 1997; Traish et al. 1999 Traish et al. , 2007 . Nevertheless, the exact mode of androgen action in the regulation of erectile function in human remains unknown. Fig. 5 Dualimmunofluorescence detection of sirtuin-1 (Sirt1) (red) and alphaactin (green) (a-d) and of endothelin-1 (ET1) (red) and endothelial nitric oxide synthase (eNOS) (green) (e-h) in young (a, e), androgen-deprived (b, f), and aged (c, g) human cavernous tissue. The nucleus is stained blue (DAPI). Negative controls were performed by primary antibody omission (d, h) Aging also leads to change of the cavernous tissue structure (Ferrer et al. 2010; Luo et al. 2007; Tomada et al. 2008 Tomada et al. , 2010b Wespes et al. 1991) and, despite the controversy of reports concerning SM and CT content, such changes seem to be one of multiple contributing factors for the age-dependent erectile dysfunction (El-Sakka and Yassin 2010; Yassin and Saad 2008) .
To our knowledge, the present study is the first reporting morphological changes in human penile tissue, consequent to pharmacological androgen deprivation treatment in the setting of preparation for surgical sex change. The treatment includes a 24-month administration of antiandrogen drugs, to which estrogen is added to further enhance the female phenotype. Attenuation of male gender characteristics decreased spontaneous erections and reduced testicular volume (Moore et al. 2003) .
Comparing healthy young subjects with androgendeprived individuals, morphometric and immunohistochemical data demonstrate a significant increase in cavernous CT content, coupled to a significant decrease in trabecular SM content. Similar findings were observed in aged individuals of this study and agree with previous observations in aged humans (Tomada et al. 2008 (Tomada et al. , 2010b and ED patients (Shabsigh et al. 1998) . They provide substantial evidence that long-standing androgen deprivation, either physiologically, as it occurs in aging, or following pharmacological treatment, leads to cavernous tissue remodeling that results in a replacement of SM cells by fibroblasts, increase in collagen deposition, and reduction of the SM-to-CT ratio. The consequent change in fibroelastic properties of penile tissue compromises the compliance and hemodynamics, results in corporeal veno-occlusive dysfunction (Nehra et al. 1996) and decreased capacity of sinuses to fill with blood, and produces an effective erection (Ferrer et al. 2010) .
In parallel to structural findings, the immunofluorescence data suggest that enhanced expression of the vasoconstrictor peptide ET1 in androgen-deprived and aged individuals here observed adds further to the local age-related impairment of CC relaxation (Saenz de Tejada et al. 1991) . Interestingly, a previous report showed increased circulating levels of ET1 in hypogonadic men, which were normalized with testosterone replacement (Kumanov et al. 2007 ). ET1 is in fact considered the most potent stimulator of penile SM cell contractility (Filippi et al. 2003; Granchi et al. 2002; Mills et al. 2001; Saenz de Tejada et al. 1991) . Mainly originated in EC, ET1 was also evidenced in SM cells of the human penis (Granchi et al. 2002; Saenz de Tejada et al. 1991; present investigation) and is thus involved in paracrine and autocrine effects (Granchi et al. 2002) .
The loss of SM fibers of male cavernous tissue leads to reduced oxygen tension in the penis. This condition compromises the oxygenation of the organ and appears to downregulate local NO synthesis, a major neurotransmitter in erection (Wespes 2002) .
Most of NO synthesis result from eNOS activity in SM cells, which make them important intervenients in vascular NO synthesis (Buchwalow et al. 2002; Komori et al. 2008 ). This point is of major importance because when eNOS-derived NO bioactivity is reduced, there is an impairment of endothelialdependent relaxation and endothelial dysfunction ensues (Mattagajasingh et al. 2007) .
Several studies point to Sirt1 as a chief regulator of NO synthesis in endothelium (Milne et al. 2007; Pillarisetti 2008; Potente et al. 2007 ) employing an Akt-mediated pathway of eNOS phosphorylation (Lovren et al. 2009 ) or promoting eNOS catalytic activity through deacetylation of lysines 496 and 506 (Mattagajasingh et al. 2007 ). As NO itself appears to reciprocally activate Sirt1 expression and activity (Ota et al. 2007 ), then Sirt1-eNOS axis emerges as a decisive regulatory mechanism in CC endothelium.
Albeit the similarity of structural features observed in aging and androgen deprivation here described, the underlying mechanisms involving NO synthesis are probably different as the molecular studies indicate.
In fact, comparing young and aged subjects, the variation in the Sirt1-eNOS axis and its additional regulator Akt is minimal. These findings agree with previous observations (Figueiredo et al. 2011 ) and suggest that a stable condition was achieved, notwithstanding the structural differences. However, in contrast with the unaltered effects involving Sirt1-eNOS axis in the young and the aged individuals, there is a significant enhancement of Sirt1 and eNOS expression and a slight increase in phospho-Akt expression in androgendeprived subjects. This does not seem to result from estradiol administration. Although estrogens are able to rapidly induce NO production in ECs without altering the expression of eNOS gene or protein (Caulin-Glasser et al. 1997; Haynes et al. 2000; Hisamoto et al. 2001; Russel et al. 2000; Lantin-Hermoso et al. 1997) , by a mechanism that involves PI3-kinase-dependent activation of Akt, neither estrogen receptors were expressed nor phospho-Akt expression was significantly changed, although Akt activation occurring in Sirt1 overexpression appears to be limited to insulinresistant conditions (Sun et al. 2007) . Fig. 7 Representative bands obtained by Western immunoblotting analysis of total and phosphorylated Akt in young, androgen-deprived, and aged human cavernous tissue. The graph below represents the semiquantitative analysis of total Akt and phospho-Akt (performed in all samples of each group). Total Akt and phospho-Akt levels were normalized with total levels of β-actin and total Akt proteins, respectively. Values represent the mean value of each protein in human cavernous tissue from androgen-deprived and aged groups, indicated in percentage, relative to young controls, considered 100%. Error bars represent standard deviation of the mean. Significant differences between groups (P<0.05) (asterisk)
The administration of anti-androgen does not seem to be a direct reason too because there is evidence that the upregulation of Sirt1-eNOS axis is actually due to androgens. In fact, penile nNOS and eNOS activities of castrated rats were reduced by half and later restored following androgen administration (Bilavacqua et al. 2004; Lugg et al. 1995; Marin et al. 1999; Penson et al. 1996; Zvara et al. 1995) .
Therefore, the data strongly support the point that in the young penis CC, there is a local compensatory activation of the axis that is maintained by the continued anti-androgen drug administration. Additional studies would be necessary to unravel its fine details and mechanism.
The data also emphasize the importance of androgens and SM cells in the local regulation of the erection process, which make of them important therapeutic targets for ED. In fact, the use of phosphodiesterase-5 inhibitors (iPDE5) for the treatment of ED revealed efficacy and enhanced awareness for the condition, but some men still failed to respond to iPDE5 alone. In these, testosterone replacement therapy with subphysiological doses improves erectile function and it is now accepted that full therapeutic potential of iPDE5 will only manifest in a eugonadal state (Gooren 2006) . Because these drugs also need a critical amount of NO, which is a limitation in some patients, therapeutic strategies that promote NO synthesis present a double benefit considering that they improve erectile function and enhance the efficacy of iPDE5 too (Fukuhara et al. 2011) . The study suggests that CC is normally endowed with similar mechanisms.
Conclusions
Our results cumulatively suggest that androgens play an important role in the overall structure of human CC, and that androgen deprivation induces changes in cavernous tissue equivalent to those observed in chronological aging, in particular, significant decrease in SM cell content associated to an increase in CT. In what concerns Sirt1-eNOS axis, the present data strongly suggest that Sirt1 regulates the expression of eNOS, and that androgen deprivation induces upregulation of this system, an effect that was not observed in the aged tissue. Nevertheless, further studies are required to fully elucidate the roles of Sirt1 in age-related changes of CC and its implication for endothelial dysfunction progression.
Therefore, in contrast with long-term physiological involution that occurs in aging, where ET1 effects may be more relevant, anti-androgenic pharmacological intervention triggers a different mechanism in penis CC, which includes a compensatory enhancement of the Sirt1-eNOS axis.
